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.FOREWORD 


This  third  an.i  final  report  was  prepared  by  the  Aerodynamic  Research  Depart 
ment  of  Cornell  Aeronautical  Laboratory,  Buffalo,  New  York,  on  Contra. t 
AF  33(616) -7812  for  the  Aerospace  Research  Laboratories,  Office  of  Aerospace 
Research,  United  States  Air  Force,  The  research  reported  herein  was  accom¬ 
plished  on  Project  7064,  "Aerothermodynamic  Investigations  in  High  Speed  Flow" 
under  the  technical  cognisance  of  Col.  Andrew  Boreske,  Jr.  ,  of  the  Hypersonic 
Research  Laboratory  of  ARL. 


ABSTRACT 


This  report  uummarizes  research  conducted  under  Contract  33(616)-7812 
during  the  period  15  December  I960  to  15  December  1963.  The  theoretical 
and  experimental  investigations  have  been  concerned  with  three  aspects  of 
hypersonic  flow;  namely,  rarefied  hypersonic  flow  about  blunt  axisymmetric 
bodies,  about  cylinders  norm?  1  to  and  inclined  to  the  free  stream,  and  higher 
Reynolds  number  flows  about  pointed  cones.  Except  for  the  experimental  data 
obtained  for  high  Reynolds  number  flows  about  pointed  cones,  all  the  research 
discussed  in  this  summary  report  has  been  previously  published  or  is  in  the 
pvocess  of  publication. 
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1.  INTRODUCTION 


A  combined  experimental  and  theoretical  investigation  of  the  aerodynamic  and 
thermodynamic  characteristics  of  hypersonic  flight  was  undertaker,  by  Cornell 
Aeronautical  Laboratory,  Inc.,  under  Contract  No.  AF  33(616)-7812.  The  objective 
of  this  program  is  to  advance  the  understanding  of  hypersonic  airflows  particularly 
with  respect  to  boundary  layer  behavior,  to  heat  transfer  and  pressure  distributions 
about  bodies,  and  to  rarefied-gasdynamic  effects.  This  report  summarizes  the  inves¬ 
tigations  conducted  over  the  three-year  period  15  December  I960  to  15  December  1963. 
The  research  is  of  a  continuing  nature  having  been  initiated  under  Contract  No. 

AF  33{6l6)-2387  and  later  supported  under  Contract  No.  AF  33(6l6)-6025. 

During  the  present  contract,  the  CAL  11  x  15-inch  hypersonic  shock  tunvel  vaj 
replaced  by  a  new  six-foot  diameter  tunnel.  As  a  result  of  me  veiy  high  expansion 
ratio  of  this  facility,  experimental  data  were  obtained  under  this  contract  ler  hyper¬ 
sonic  rarefied  flow  about  bodies.  The  shock  tunnel  as  operated  at.  CAL  has  been 
established  as  a  facility  capable  of  hypersonic  flow  research  at  low  Reynolds  numbers.  * 

The  research  conducted  under  this  contract  has  been  divided  into  three  areas: 
namely,  rarefied  hypersonic  flow  about  blunt  axisymmetric  bodies,  about  cylinders 
normal  to  and  inclined  to  the  free  stream,  and  higher  Reynolds  number  flows  about 
pointed  cones.  The  research  reviewed  in  diis  summary  report  has  been  previously 
published  or  is  in  the  process  of  publication  except  for  the  experimental  data  obtained 
for  high  Reynolds  number  flows  about  pointed  cones. 

As  in  the  past,  the  research  investigatk  is  relied  heavily  on  knowledge  of  hyper¬ 
sonic  flow  phenomena  obtained  not  only  under  previous  ARu  i  oat ’•arts  but  also  under 
other  contracts  held  by  the  Aerodynamic  Research  Department  of  O.L.  In  some 
cases  the  research  investigation  was  only  partially  supported  by  the  present  contract. 
For  instance  in  the  theoretical  studies,  the  basic  concept  of  the  thin  shock  layer  was 
developed  under  the  Office  of  Naval  Research  Contract  No.  Nonr  2653(00).  However, 
some  of  the  subsequent  applications  to  the  blunt  axisymmetric  body,  the  cylinder,  ar.d 
the  yawed  cone  were  performed  under  the  p.-ccent  contract.  The  theoretical  studv 
of  the  yawed  core  is  briefly  reviewed  in  this  report,  even  though  the  work  was  pri¬ 
marily  performed  under  the  previous  contract  (AF  33(616)-6025),  since  it  has  a 
direct  bearing  o:i  the  experimental  program  and  was  published  in  the  literature  in 
the  present  contractual  period. 

2.  RAREFIED  HYPERSONIC  FLOW  ABOUT  BLUNT  AXISYMMETRIC  BODIES 
2. 1  GENERAL  COMMENTS 

A  large  body  of  the  current  literature  concerns  hypersonic  flow  at  high  Reynolds 
numbers,  both  viscid  and  inviscid,  about  blunt  bodies.  However,  the  corresponding 
problem  at  lew  Reynolds  numbers  has  been  treated  much  less  extensively.  A  major 
pc.;:„a  of  the  investigations  conducted  under  the  present  contract  studied  the  departures 
of  viscous  flow  from  the  classical  continuum  boundary  layer  corcept  due  to  increased 
flow  rarefaction.  The  theoretical  studies  ot  tnese  departures  have  utilized  th  Navier- 
Stokes  equations  witli  appropriate  boundary  conditions  to  account  for  surface  slip  effects 
and  for  the  influence  of  transport  properties  throughout  the  entire  flow  field.  Such 
approaches  to  the  problems  oi  rarefied  gasdynamics  have  proved  more  tractable  than 
those  based  on  kinetic  theory.  A  continuum  flow  model  based  on  the  Navier-Stokes 

Manuscript  released  by  the  authors  January  1964  for  publication  as  an  ARL  TeMmical 
Dccun  entary  Report  . 


equations  promises  a  range  of  applicability  far  mere  extensive  than  previously 
considered.  2-4  Under  this  contract,  a  solution  based  on  continuum  concepts  has 
been  developed  for  the  entire  flow  field  about  a  blunt  nonslender  body  without  the 
usual  shock  discontinuity. 

Prior  to  reviewing  the  specific  theoretical  and  experimental  research,  it  is 
appropriate  to  describe  in  more  detail  the  theoretical  flow  model  and  the  assumptions. 
The  flow  field  about  a  blunt  nonslender  body  is  assumed  to  be  composed  of  two  layers, 
an  inner  layer  and  an  outer  shock  transition  zone.  It  is  further  assumed  that  the 
shock  layer  is  thin  in  comparison  with  the  body,  and  that  the  shock  is  strong.  The 
latter  two  assumptions  imply  a  high  shock  compression  ratio. 


For  the  stagnation  region  in  hypersonic  flow  about  a  blunt  bedv,  Probstein  and 
Kemp3  have  defined  six  flow  regimes  between  the  classical  boundary  layer  and  the 
free  molecule  flow  regimes.  These  regimes  are  illustrated  in  Fig.  1  as  a  func.'ic-n 
of  altitude  and  velocity  for  a  vehicle  with  nose  radius  of  one  foot.  Based  on  the  con¬ 
cept  of  a  thin  shock  layer,  Cheng^t^  has  shown  that  only  two  regimes  need  be  defined 
for  a  consistent  treatment  of  the  flow  up  to  and  including  part  of  the  fully  merged  layer 
regime  of  Probstein  and  Kemp.  These  regimes  are  based  on  two  parameters  £ 
and  K*  such  that 


in  Regime  I  Q(l )  —  £  K 


and  Regime  II  0(£)  —  £  K  1  &  O(l) 

the  parameters  £  and  are  given  by 


where  /  is  the  ratio  of  specific  heats 

P*>'  art>  *he  free-stream  density  and  velocity  respectively 

T ,  ^  are  temperature  and  viscosity  of  the  gas  respectively,  the 

subscript  o  refers  to  stagnation  conditions  and  if 
refers  to  a  reference  temperatuie  (to  be  discussed  later) 

0.  is  the  nose  radius 

The  two  flow  regimes  are  shown  in  Fig.  1  where  it  is  seen  that  Regime  II  includes 
a  major  portion  of  the  fully  merged  layer  regime  of  Probstein  and  Kemp  where 
the  shock  layer  ar.d  the  shock  transition  zone  are  comparable  in  thickness.  The 
parameter  K1  is  a  measure  of  the  over-all  transport  processes  and  is  essentially 
a  local  Reynolds  number.  It  can  also  be  related  to  the  Knudsen  number  X^/a.  »s 
K  ~  -ft  a./X w  ■  At  the  lower  Reynolds  number,  in  Regime  II,  the  norm;  1 
Rankine-Hugoniot  relations  are  modified  due  to  transport  behind  the  shock;  whereas, 
a  the  higher  Reynolds  numoer,  in  Regime  I,  the  usual  Rankine-Hugoniot  shock 
telations  are  valid. 
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In  the  analysis  of  flow  Held-  based  on  the  thin  shock  layer  concept,  a  linear 
viscosity-temperature  relation  is  assumed  of  the  form 

*  T 

—  /*■  j'* 

and  the  reference  temperature  T  is  chosen  as 
_*  _  Tt  +  Ty,  ^  Ta  +  Tw 
'  ~  z  ~  2 

where  Tt  and  Tw  are  temperatures  immediately  behind  the  shock  and  at 
the  body  surface  respectively.  However,  the  assumption  of  a  linear  viscosity- 
temperature  relation  may  lead  to  solutions  far  different  from  the  solution  using 
the  more  exact  viscosity-temperature  relation.  7  This  dis.repancy  has  been 
studied  under  the  present  contract  and  it  has  been  shown®  that,  provided  an 
appropriate  reference  temperature  is  chosen,  a  linear  viscosity-temperature 
relation  is  adequate  for  most  purposes  in  high  and  low  Reynolds  number  flows. 

A  relation  of  the  form  yU  T"  was  selected.  For  o>  =  0.  65  the  viscosity 
for  air  agrees  reasonably  well  with  that  obtained  from  the  Sutherland  law  in  the 
range  of  T  =  500*  to  3Q00*K.  Based  on  this  value  of  ft)  ,  the  values  of  skin 
friction,  heat  transfer,  enth-lpy  behind  the  shock,  and  tne  shock  stand-off  distance 
have  been  computed  and  compared  with  the  value  obtained  from  the  linear  viscosity- 
temperature  relation  for  a  Prandtl  number  Pr  -  0.71,  6  =  0.  10  and 

Tw/7i - >0  •  I"  the  tw0  *low  regime:,  obtained  from  the  tlun  shock  layer  analysis, 

the  difference  in  the  above  quantities  calculated  from  the  two  viscosity  laws  is  at 
most  4%.  8 

Also  under  this  contract  an  extended  .•n-ticity-interacum  the-cy  has  been  developed 
for  an  axisymmetric  blunt  body  using  the  thin  shock  layer  concept.  Numerical 
solutions  have  been  obtained9  over  an  extensive  range  of  the  vor  tioity-interaction 

parameter  for  pr  =  0.71,  and  Tw/rg  -  0.40  and  Tw/% - *-0  .  The  vorticiiy- 

interaction  parameter  used  in  these  calculations  (ft*)  differs  from  that  used  by 
Hayes  and  Probstein^  (■Cl)  in  calculating  the  value  of  heat  transfer.  The  relation 
between  the  two  vorticity-interaction  parameters  is  given  by 

■ft  J/*-o  T * 

ft"  =  /  /<*  Tw 

Calculations  based  on  ft  give  rise  to  infinite  heat  transfer  rates  as  Tw/7',, - >0 

since  ft - ►<*>  .  However,  the  use  of  the  parameter  ft"  which  does  not 

critically  depend  on  surface  temo'  raiure  yields  finite  values  of  heat  transfer  rate 

as  Tw/T0 — *°  ■ 

2.  2  BOW  SHOCK  AND  FLOW  STRUCTURE 

Under  the  present  contract,  the  thin  shock  layer  concept  has  been  applied  to 
.1. ,  analysis  of  the  structure  of  the  bow  shock  produced  by  a  blunt  axisymmetric 
body  in  a  rarefied  hypersonic  flow.  Also,  the  consistency  of  the  solution  based 
on  the  two-layer  formulation  (i.  e.  the  shoci'.  transition  zone  and  the  shock  layer) 
with  the  solution  to  the  Navier-Stokes  equations  based  on  an  asymptotic  expansion 
procedure  has  been  examined.  18  These  analyses  are  complementary  to  and  an 
amplification  of  a  previous  development6  sponsored  by  the  Office  of  Naval  Research 
Contract  No.  2653(00).  In  the  previous  development  numerical  solutions  for  the 
shock  layer  were  presented.  With  modified  Rankine - Hugon; ot  relations  the  flow 
field  in  the  shock  layer  can  be  determined  independent  of  the  flow  in  die  shvek 
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transition  zone. 


Underlying  the  two. layer  concept  is  the  idea  of  two  matched  solutionscach 
representing  an  asymptotic  development  for  small  £  and  • 

Recently,  by  considering  four  separate  llow  regions,  Bush1!  has  formulated 
the  problem  strictly  through  the  use  of  asymptotic  expansions.  In  Ref.  10,  the 
asymptotic  expansion  procedure  is  compared ^vith  that  based  on  the  two-layer 
model  for  small  £  ,  l/Re  b  and  l/sM*  .  The  solutions  based  on 

the  two  formulations  are  found  to  be  consistent  to  the  first  approximation  through¬ 
out  the  entire  flovi  field.  The  two-layer  model  provides  a  uniformly  valid 
approximation  to  the  Navier-Stokes  equations  for  the  tangential  velocity,  total 
enthalpy,  and  temperature  as  well  as  the  streamline  pattern  around  simple  blunt 
bodies.  This  does  not  hold  for  the  solution  of  the  normal  velocity  near  the  down¬ 
stream  end  of  the  shock  transition  zone,  since  the  variation  in  normal  velocity  ir. 
this  region  is  too  small  to  be  evaluated  by  a  first-order  theory.  In  either  for¬ 
mulation  of  the  problem,  it  is  necessary  to  match  solutions  of  the  two  neighboring 
principal  regions  ever  a  region  intermediate  between  the  two  regimes  under  con¬ 
sideration.  However,  it  is  not  possible  in  either  formulation  to  match  exactly 
solutions  in  the  two  regions.  A  smooth  composite  solution  describing  the  whole 
field  has  not  as  yet  been  demonstrated. 

In  the  analysis  of  the  shock  transition  zone,  the  interaction  of  the  nonuniform 
downstream  flow  with  the  shock  transition  zone  is  included.  This  interaction 
appears  primarily  in  the  adjustment  of  the  shoe’.:  “ructure  to  the  highly  nonuniform 
downstream  velocity  and  temperature  fields.  tp  -he  previous  analysis,  ”  a  num¬ 
erical  solution  for  the  flow  field  has  been  compared  with  a  more  exact  numerical 
solution  for  the  stagnation  region  of  a  sphere  by  i,evinaky  and  Ycshihara.  *2  In 
the  present  work,  an  analytical  solution  for  the  shock  transition  zone  has  been 
obtained  for  the  case  of  a  plane  shock;  this  solution  is  compared  with  the  solution 
due  to  Levinsky  and  Yoshihara  in  Fig.  2.  It  is  seen  that  the  two  solutions  agree 
in  all  essential  details. 

The  current  work  has  also  included  the  calculation  of  the  streamline  pattern, 
the  temperature  field  and  the  shock  thickness  around  a  highly  cooled  axisymmetric 
body  of  hyperboloidal  shape  at  low  Reynolds  number.  These  calculations  are  based 
on  the  analytical  solution  of  the  shock  transition  zone  (discussed  above)  and  the 
previous  numerical  solution  of  the  shock  layer.  ”  The  results  for  the  streamline 
pattern  for  three  values  of  the  rarefaction  parameter  (  K*  =1,3,  10)  are  given 
in  Fig.  3.  At  K*  =  3,  it  is  noted  that  trie  shock  layer  and  the  shock  transition 
zone  over  the  forward  portion  of  vhe  body  are  already  comparable  in  thickness. 

The  streamlines  are  bent  only  slightly  in  the  shock  transition  zone.  The  cor¬ 
responding  temperature  profiles  given  in  Ref.  10  show  that  the  temperature  is 
everywhere  lower  than  that  obtained  f'om  inviscid  theory.  The  maximum  temperature, 
obtained  'it  the  transition  zone,  is  0.  of  the  free  stream  stagnation  temperature. 

The  flow  fields  obtained  from  these  calculations  for  infinite  Mach  number  are 
characterized  by  a  sharp  frontal  surface  which  separates  the  disturbed  flow  region 
from  the  upstream  uniiorm  flow. 

The  current  work  described  In  detail  in  Ref.  10  has  provided  an  analytical 
solution  of  the  shock  structure  which  is  comoatible  with  the  previous  shock  layer 
solution”  and  which  takes  into  account  the  non- uniformity  of  the  downstream  flow. 

This  solution  provides  for  the  first  time  a  description  of  the  temperature  profiles 


4 


and  streamline  patterns  of  a  hypersonic  flow  field  about  a  body  without  the  usual 
shock  discontinuity. 

2.  3  HIGHER-ORDER  RAREFACTION  EFFECTS 

In  the  ctudy  of  the  bow  shock  structure  and  shock  layer  discussed  above, 
second  order  effects  associated  with  terms  of  order  £  and  l/Reb  were 
neglected.  However,  Ref.  10  also  examines  the  consequences  of  two  higher 
order  effects;  namely,  finite  shock  thickness,  and  velocity  slip  and  temperature 
jump  at  the  body  surface. 

The  shock  thickness  effects  associated  with  losses  of  mass,  momentum,  and 
energy  fluxes  to  the  transition  zone  have  been  analyzed.  It  is  shown*®  that  while 
effects  resulting  from  each  of  these  losses  is  generally  of  order  Jin,  &/fieb  •  that 
their  combined  effect  on  heat  transfer,  skin  friction  and  most  properties  of  the 
shock  layer  is  weaker  being  of  order  of  Reb'  .  Thus,  the  order  of  magnitude 
of  the  shock-thickness  effect  in  the  downstream  flow  becomes  no  larger  than  the 
longitudinal  and  transverse  curvature  effects. 

The  current  investigation  has  alto  provided  an  analysis  of  the  slip  and  tem¬ 
perature  jump  effects  at  the  stagnation  region  for  an  axisymmetric  body  in  the 
range  of  K*  —  0(1)  .  The  solution  ebta.ned  provides  an  explicit,  analytical 
formula  for  stagnation  point  heat  transfer  incorporating  slip  and  temperature 
jump  in  terms  of  the  no-slip,  stagnation-point  heat  transfer.  This  formula 
correlates  the  results  of  Rott  and  Lenacd*  obtained  for  high  Reynolds  numbers 
and  thus  may  serve  as  a  universal  formula  'or  the  slip  correction  at  all  Reynolds 
numbers.  The  effect  on  heat  transfer  is  shown  in  Fig.  4  whole  the  solid  curve 
represents  the  solution  without  slip,  but  includes  the  effects  of  transport  benind 
the  shock  (i.  e.  based  on  modified  Rankine-Hugoniot  relations).  The  lower  broken 
curve  represents  the  value  of  heat  transfer  obtained  from  the  analytical  formula 
including  correction  for  slip  effects  at  the  body  surface.  The  upper  broken  curve 
is  calculated  from  a  nonlinear  vorticity -interaction  theory  (corresponding  to  the 
viscous  layer*1)  which  uses  the  unmodified  Rankine-Hugoniot  shock  conditions. 

The  departure  of  this  cur^e  from  the  solid  curve  represents  the  magnitude  of 
the  transport  effects  behind  the  shock  or  the  magnitude  of  the  "slip  effects"  at 
the  outer  edge  of  the  shock  layer.  From  Fig.  4  it  is  evident  that  the  surface  slip 
and  temperature  jump  effects  on  a  cooled  surface  are  relatively  insignificant 
compared  to  the  slip-like  (transport)  effects  at  the  outer  edge  of  the  shock  layer. 

The  analysis  given  in  Ref  10  of  the  shock  thickness  and  surface  slip  effects 
has  established  that  the  error  in  the  shock  layer  solution  based  on  the  present 
formulation  is  no  larger  than  l/eMj^  ,  l/(?eb  and  y i  JiL  Ch 

2.  4  EXPERIMENTAL  INVESTIGATIONS 

-he  first  low  density  experiments  at  CAL  using  a  blunt  axi6ymmetric  model 
were  performed  under  the  Office  of  Naval  Research  Contract  Nc.  Nonr  2653(00).  16 

The  current  experimental  results  (reported  in  Ref.  17)  conducted  in  the  CAL  >  .- 
foot  shock  tunnel  have  extended  those  results  to  an  order  of  magnitude  lower  in 
Reynolds  number.  The  hemisphere  cylinder  models  used  in  this  program  varied 
in  diameter  from  1/8"  to  2"  and  are  shown  in  Fig.  5.  Only  the  largest  model 
(2"  diameter)  was  equipped  with  heat  transfer  gauges  away  from  the  stagnation  point. 
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In  Fig.  6,  the  data  obtained  from  the  previous  and  the  present  contract  are  com¬ 
pared  with  Cheng's®  viscous  shock  layer  theory.  The  various  low  density  regimes 
as  proposed  hy  Probstein  and  Kemp®  can  bo  easily  correlated  to  the  value  of  ff  * 
by  computing  the  Knudsen  number  A m/&  .  At  the  lowest  value  of  K*  (about 

0.  1)  the  free  stream  Knudsen  number  is  of  the  order  of  unity.  This  represents 
approximately  the  boundary  between  the  fully  merged  layer  and  the  transitio..al 
regimes.  At  a  higher  value  of  K*  (about  10),  the  corresponding  free  stream 
Knudsen  number  is  about  5  x  10"®  which  is  in  the  vorticity  interaction  regime  near 
the  boundary  of  the  viscous  layer  regime.  It  is  seen  that  Cheng's®  theory  which  is 
based  on  only  two  regimes  correlates  well  with  the  experimental  data,  in  spite  of 
the  fact  that  the  validity  of  the  theory  is  only  of  order  6  ,  corresponding  to  about 

0.  085  for  K  *  of  the  order  of  unity. 

The  experimental  data  for  heat  transfer  are  compared  in  Fig.  7  with  other 
experimental  data  and  other  theories  as  VS  Ref  where  f- 

is  the  stagnation  point  heat  transfer  rate  measured  on  a  small  sphere  and 
«-e.  is  the  heat  transfer  rate  corresponding  to  vanishing  vorticity.  The  Reynolds 
number  Re ,  is  related  to  K*  as 


is  related  to 
Re#  «  7 
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In  the  higher  Reynolds  number  range  (  Ref  i  500)  ihcre  is  a  rise  over  the  boun¬ 
dary  layer  value  due  to  the  external  vorticity  <•.: feet.  In  the  lower  Reynolds 
number  range  (  R&f  £  500)  the  heat  transfer  ratio  begins  to  decrease  and  goes 
below  unity  approaching  the  free  molecule  limit.  Towards  the  higher  Reynolds 
number  end  the  data  of  Ferri  el  al18  agree  well  with  their  own  predictions  but 
appear  to  be  higher  than  the  thin-shock-layer  analysis.  The  current  CAL  data 
give  reasonable  agreement  in  view  of  the  scatt:-r  of  data  anu  ti  c  accuracy  of  the 
thin-shock-layer  analysis  at  the  very  low  Reynold-;  numbers. 

In  Fig.  8  heat  transfer  data  are  presented  lor  flow  around  a  hemisphere  cylinder 
body  at  points  removed  from  the  stagnation  region.  *  ■  It  is  seen  that  there  is  no 
change  in  heat  transfer  distribution  for  llie  range  of  free  stream  Knudsen  number 
from  10"2  to  10  .  The  theoretical  distribution  obtained  by  Leee1^  foi  a  laminar 

boundary  layer  is  also  given  in  Fig.  8.  Except  in  the  vicinity  of  45'  and  90°, 
the  agreement  is  good.  The  data  are  plotted  as  the  ratio  of  heat  transfer  to  the 
heat  transfer  at  the  stagnation  point. 

3.  HYPERSONIC  FLOW  ABOUT  CYLINDERS 


3,  1  THIN  SHOCK  LAYER  THEORY  OF  FLOW  OVER  YAWED  CI.YINDERS  AT 
LOW  REYNOLDS  NUMBER 

The  thin  shock  layer  concept  has  been  discussed  under  Section  2.  1.  Under 
the  present  contract  this  two  layer  formulation  has  been  adapted  to  the  low  Reynolds 
number  flow  over  a  yawed  cylinder.  9  The  solution  of  the  resultant  equations  pro¬ 
vides  enc  local  distribution  of  velocity  parallel  to  the  surface,  the  spanwise  velocity 
and  the  enthalpy  as  a  function  of  the  rarefaction  parameter  tor  yawed  bodies 

K*  .  -ffidfaS-  A 
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whore  A  is  angle  of  yaw.  Numerical  solutions  have  been  obtained  in  the 
region  close  to  the  stagnation  streamline  under  the  assumption  of  a  unit  Prandtl 
number,  a  viscosity-'emperatuie  relation  of  the  form  /U  ~  t’’*  ,  6  -  1/6, 

and  a  surface-to-stagnation  temperature  of  1/7.  The  calculations  oov-  v  a  :a-ge 
of  yaw  angles  from  0'  to  60°  and  a  range  of  rarefaction  0.  3  £  &  20.  In  this 

regime  departures  from  the  boundary  layer  limit  are  appreciable,  but  the  shook 
layer  concept  is  applicable. 

The  coefficients  of  heat  transfer  (C„)  ,  of  spanwise  stress  (Cfy.)  and  of 
chordwise  stress  (Cff')  as  computed  in  Ref.  9  are  given  in  Figs,  y  and  10. 

The  surface  heat  transfer  and  surface  stresses  generally  approach  the  classical 
boundary  layer  value  from  above  and  the  free  molecule  limit  from  below,  except 
the  chordwiae  atieoa  coefficient  (Cf^)  which  overshoots  the  free  molecul-  limit 
at  a  finite  l(A  at  the  larger  yaw  angles.  The  increase  in  spanwise  stre'-s  and 
heat  transfer  rate  above  the  boundary  layer  predictions  at  intermediate  values  of 
Ka  is  considerably  less  than  for  the  axisymmetric  case.  This  is  due  to  the  fact 
that  vorticity  interaction  is  a  higher  order  effect  for  flow  about  cylinders. 

The  surface  heat  transfer  and  enthalpy  profile  are  shown  to  be  relatively  insen¬ 
sitive  to  yaw  at  small  au«'i  moderate  values  of  yaw.  This  suggests  that  for  heat 
transfer  a  yaw  independence  principle  may  be  valid.  A  study  of  the  governing 
equations  indicates  that  the  accuracy  of  such  a  principle  is  controlled  by  the  Prandtl 
Number,  the  viscosity-temperature  relation  and  the  surface  to  stagnation  temperature 
ratio.  The  influence  of  the  spanwise  velocity  on  the  profiles  of  chordwise  velocity 
and  enthalpy  appear  mainly  through  the  cl,:  ;c  of  the  local  density  ratio  pm/p 
This  ratio  in  turn  controls  the  chordwiRe  •  cs3ure  gradient  effect  (i.e.  )• 

For  a  comparatively  cold  surface,  Tw/Tc  fe  I  the  density  istlc  changes  only 
slightly  except  at  large  yaw  angles.  The  rums  of  correlation  for  this  independence 
principle  are  developed  in  Ref.  9  and  arc  consistent  with  results  previously  obtained 
by  Reshotko  and  Beckwith**  for  the  compressible  laminar  eoundar-,  layer.  The  yaw 
independence  principle  does  not  imply  a  complete  independence  of  spanwise  velocity; 
however,  it  does  provide  a  means  for  correlating  heat  transfer  on  a  yawed  cylinder 
with  the  heat  transfer  on  a  cylinder  at  a  dnferent  yaw  and  at  a  different  Reynolds 
number. 

3.2  AN  EXTENDED  VORTICITY  INTERACTION  THEORY 

2 

In  the  higher  Reynolds  number  regime  K  —  0(0  the  transport  effect  behind 
the  shock  is  small  and  the  ordinary  Pankine-Hugoniot  relations  are  applicable. 

Since  the  external  vorticity  is  inversely  proportional  to  shock  layer  thickness,  its 
influence  on  the  viscous  laye  r  is  large  for  the  thin  shock  layer  considered.  As  a 
result  of  the  thin  shock  layer  assumptions  the  equations  governing  the  shock  layer 
are  reducible  to  a  form  equivalent  to  those  in  the  vorticity  interaction  theory  (for 
the  axisymmetric  case)  of  Hayes  and  Probstein  (these  were  derived  from  the  boun- 
darv  layer  equations  in  the  weak  interaction  field). 

In  the  present  study,  numerical  solutions  have  been  obtained  and  presented'* 
for  both  axisymmetric  and  plane  flow  cases.  These  calculations  cover  an  e>  ?  isive 
range  of  vorticity  interaction  parameters  for  f^.  =  .  71  and  a  cold  surface 

Tw/T0 — >0  ■ 

The  major  advantage  of  this  treatment  of  the  vorticity  interaction  regime  is 
that  the  specific  heat  and  Reynolds  number  are  combined  into  one  parametr-  and 
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that  the  flow  field  can  be  eolved  without  the  determination  of  shock  position.  L. 
the  earlier  work  of  Hayes  and  Probstein^  a  different  vorticity  interaction  para¬ 
meter  (JTl.)  i*1  used.  T'.ierc.  as  Tw/r. — >o  .  st— thus  for 

the  theory  breaks  down.  However,  in  the  present  CAL  analysis  the  vorticitv 
interaction  parameter  .fl.*  remains  finite  and  thus  the  solution  is  valid  as 
Tw/t,— *0  .  In  this  analysis  the  solution  is  not  restricted  to  the  range  of  small 
ft*  as  in  the  case  in  the  Hayes  and  Probstein  theory. 

3.  3  EXPERIMENTAL  INVESTIGATIONS 

A  series  of  experiments  were  conducted  under  this  contract  in  which  heat 
transfer  was  measured  to  circular  cylinders  at  0‘,  15*,  30*  and  45°  yaw.  The 
cylinder  models  varied  in  size  from  1/8  to  2  1/8  inches.  The  i/8  and  1/2  inch 
models  each  had  a  single  heat  transfer  gauge  on  the  forward  stagnation  line.  To 
check  end  effects  the  1/4  and  2  1/8  inch  models  each  had  three  heat  transfc- 
gauges  longitudinally  spaced  about  one  inch  apart  along  the  forward  stagnation 
line.  The  one-inch  circular  cylinder  was  instrumented  with  thirteen  gauges  spaced 
at  15"  intervals  around  the  circumference  at  one  longitudinal  position. 

This  experimental  investigation  has  been  reported  in  more  detail  in  Ref.  17. 
Typical  experimental  data  for  zero  yaw  are  presented  in  Fig.  11  as  the  Stanton 
number  vs.  the  rarefaction  parameter  |C'1  and  compared  both  with  Cheng's 
viscous  shock  layer  theory'  and  with  Cohen  and  Reshotko's  compressible  boundary 
layer  theory.  20  In  Fig.  12  the  ratio  of  circum'erential  heat  transfer  to  that  at  the 
stagnation  point  for  a  transverse  cylinder  at  2» .  yaw  is  presented.  The  data  are 
plotted  on  a  logarithmic  scale  to  show  the  infls  nee  of  Reynolds  and  Knudser.  num¬ 
ber  on  the  distribution  in  the  separated  flow  region.  Also  shown  is  '.h-'  empirical 
relation  obtained  by  Tewfik  and  Giedt21  based  on  »heir  low  Mach  number  data.  The 
laminar  boundary  layer  of  Beckwith22  is  also  shown  in  Fig.  12.  Better  agieement 
is  obtained  with  the  theoretical  curve  than  with  the  empirical  relation  obtained  at 
low  Mach  number. 

In  Fig.  13  the  experimental  data  expressed  in  terms  of  C# /.<#*' .A.  are  pre¬ 
sented  as  a  function  of  the  rarefaction  parameter  for  yawed  cylinders  anc  compared 
with  the  viscous  layer  theory  of  the  yawed  cylinder  reviewed  in  Section  3.  1.  Since 
the  scatter  in  the  data  is  greater  than  the  difference  between  the  two  theoretica’ 
curves  for  zero  and  45°  yaw,  a  confirmation  of  the  yaw  independence  princip’e  is 
not  possible.  However,  no  separation  in  the  0°  and  45°  data  is  discernible 

4.  HYPERSONIC  FLOW  OVER  POINTED  CONES 

4.  1  THEORETICAL  ANALYSIS  OF  THE  INVISCID  FLOW  ABOUT  A  YAWED  CONE 
AND  OTHER  POINTED  BODIES 

The  original  theoretical  analysis  of  inviscid  hypersonic  flow  about  yawed  cones 
and  other  pointed  bodies  was  performed  and  reported  in  Ref.  23  under  an  earlier 
ARL  sponsored  program  (AF  33(6l6)-6025).  A  r>aper  on  this  analysis  was  published 
in  the  Journal  of  Fluid  Mechanics21*  under  the  current  contract.  The  analysis,  > 
viewed  briefly  in  this  section,  provides  a  detailed  treatment  within  the  framework  of 
shock  layer  theory  of  the  invisrid  hypersonic  flow  past  a  circular  cone  at  small  and 
moderate  yaw  angles.  Also  given  in  Kef.  24  is  an  analysis  of  the  three  dimensional 
flow  Held  with  special  reference  to  the  flow  structure  near  the  surface  of  a  pointed, 
but  otherwise  arbitrary  body. 
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In  the  analysis  of  the  flow  about  a  yawed  cone,  a  singularity  occurs  at  its 
surface.  Ferri2^  first  hypothesized  the  existence  of  a  region  of  intense 
vorticity  next  to  t*-r  body  (i.  e.  a  vortical  layer).  The  presence  of  such  a  layer 
implies  that  analyses  of  the  cone  problem  in  which  the  layer  is  neglected  yield 
incorrect  values  of  the  entropy  on  the  cone  surface.  Cheng,  “>  24^  utilizing  thc- 
shock  layer  theory  and  small  perturbations  in  the  yaw  angle,  has  obtained  a 
uniformly  valid  solution  for  the  flow  over  a  yawed  cone.  The  solution  provides 
explicit  relations  for  the  flow  at  the  inner  edge  of  the  shock  layer  including  the 
effect  of  the  vortical  layer.  A  valid  first  order  approximation  to  the  entropy 
field  is  obtained  except  in  the  neighborhood  of  the  stagnation  streamline  on  the 
lee  side  of  the  cone.  Relations  for  first  order  appr  ixi.nations  of  the  density, 
pressure,  radial  velocity  and  circumferential  velocity  have  been  obtained.  ' 
Formulas  valid  to  the  second  order  have  been  obtained  for  the  pressure  art,'. 
the  circumferential  velocity  fields.  These  results  show  that  the  streamline  at 
the  inner  edge  of  the  shock  layer  must  closely  follow  the  geneiator  of  the  cone 
surface  in  a  manner  independent  of  the  yaw  angle. 


The  development  of  the  entropy  relation,  24  including  the  singularity  at 
the  cone  surface,  provides  a  relation  for  the  radial  velocity  about  a  yawed  cone 
which  includes  the  effect  of  the  vortical  layer.  It  is  "ho’vn  that  in  supersonic 
flow  the  existence  of  the  voriical  layer  is  dependent  on  a  small  yaw  angle;  in 
hypertonic  flow  a  thin  vortical  layer  can  exist  even  if  the  yaw  angle  is  not 
small.  The  angular  thickness  of  the  vortical  layer  is  considerably  less  than 
anticipated  by  Ferri,  2^  being  much  less  than  ot  €  1  where  oc  is  the  angle 
of  attack  and  (:  7-l/r+l  (  T  is  the  .  '3  of  specific  heats).  It  is  also  shown24 

that  the  effect  of  the  vortical  layer  on  c'  cumferential  velocity  and  pressure 
belongs  at  most  to  the  second  order  in  e  and  angle  of  ,:Usok 


The  study  has  also  been  extended24  (•>  a  more  general  case  in  which  the 
specific  assumptions  of  small  yaw  angle  and  of  circular  cone  are  not  required. 
This  study  indicates  that  flow  speed  and  enthalpy  persist  along  the  streamline 
and  that  fluid  particles  tend  to  travel  the  shortest  path  or.  the  body  surface  (1.  e. 
along  the  surface  geodesic).  At  the  sunace  of  a  pointed  5,ody  the  inviscid  stream¬ 
line  geodesics  approach  the  pattern  of  the  family  of  geodesics  originating  from 
the  pointed  nose  irrespective  of  the  angle  of  attack.  A  thin  vortical  layer  gene¬ 
rally  appears  at  the  inner  edge  of  the  shock  layer  around  a  three  dimensional 
pointed  body.  At  the  base  of  the  vortical  layer  the  entropy,  flow  speed  and 
enthalpy  are  essentially  uniform. 


The  existence  of  the  thin  voriicai  layer  indicates  the  importance  of  outer-flow 
vorticity  to  the  boundary  layer  development  over  a  pointed  three  dimensional  body. 

In  the  supersonic  case  the  existence  of  the  vortical  layer  is  not  too  important.  In 
the  hypersonic  case,  where  large  variations  in  the  outer  entropy  field  are  present, 
the  vortical  layer  assumes  much  greater  importance.  The  present  analysis  (given 
in  detail  in  Refs.  23  and  24)  has  shown  the  thickness  of  the  vortical  layer  to  be  small, 
'inus  its  effect  may  not  be  too  significant  when  the  boundary  layer  has  an  appreciable 
thickness,  even  in  the  hypersonic  case. 


A  O' 

In  a  recent  publication2'1  an  algebraic  error  in  the  calculation  of  entropy  has 
been  noted.  The  corrected  values  for  both  the  first  and  second  order  approxi¬ 
mations  for  the  flow  field  are.  given  in  Ref.  26. 
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4.2  EXPERIMENTAL  INVESTIGATIONS 


A  previous  investigate.)!!  of  hypei  sonic  flow  about  cones  was  performed 
and  reported  under  .in  earlier  ARL  contract  (AF  33(6l6)-6025)  and  was 
recently  published.  The  investigation  of  hypersonic  flow  about  cones  was  extended 
under  the  present  contract  to  the  measurement  of  heat  transfer  and  pressure  dis¬ 
tribution  on  a  20*  half  angle  cone  at  zero  yaw  and  10“  yaw.  The  cone  angle  and 
angle  of  attack  were  chosen  to  conform  with  the  assumptions  of  Cheng's  theoretical 
analysis  so  that  the  validity  of  his  theoreticat  analysis  might  be  experimentally 
investigated.  This  experimental  investigation  was  performed  in  the  CAL  six-foot 
hypersonic  shock  tunnel  at  free  stream  Mach  numbers  19  to  25  and  at  free  stream 
Reynolds  numbers  3.  3  x  10^  ft"*  to  7.  9  x  10“*  ft"*.  The  cone  model  was  equipped 
with  heat  transfer  gauges  and  pressure  transducers  to  permit  circumferential  '<nd 
axial  measurements.  A  schematic  diagram  of  the  cone  showing  gauge  location  is 
given  in  Fig.  14.  A  photograph  of  the  model  with  a  conical  afterbody  is  shown  in 
Fig.  15. 

At  relatively  small  angles  of  attack  flow  angularity  in  the  shock  tunnel  may 
affect  data  measured  on  the  cone  surface.  A  technique  to  measure  flow  angularity 
to  a  high  degree  of  a.ccuracy  was  developed  under  the  joint  sponsorship  of  the  pre¬ 
sent  contract  and  contract  AF  49(63fi)-952.  A  flow  angularity  rake  consisting  of 
two  parallel  flat  plates  equipped  with  heat  transfer  gauges  was  constructed  with 
CAL  funds.  When  the  plates  are  aligned  with  the  flow  in  the  test  section  of  the  shock 
tunnel,  the  two  plates  experienced  equal  heat  *ransfer.  These  te6ts  revealed  a 
downflow  in  the  tunnel  of  about  0.  15*  and  a  ci...  «  flow  of  about  0.  2*.  For  the  cur¬ 
rent  investigation  of  heat  transfer  and  presets*  -  distribution  about  a  large  angle  cone, 
the  influence  of  this  small  flow  angularity  in  the  test  section  wa.<  negligible. 

Typical  pressure  data  for  the  40“  angle  cone  at  zero  yaw  are  given  in  Fig.  16. 
The  pressure  data  are  given  as  the  ratio  of  measured  cone  pr-.*<*»u>"e  to  the  pres¬ 
sure  predicted  hy  conical  flow^theorv  (■ - I )  as  a  function  of  the  viscous 
interaction  parametcr({c  s  Me  phased  on  local  flow  conditions.  (  is 

the  local  Mach  number,  c  the  Constant  in  me  viscosity-temperature  relation 
and  Re,  the  local  Reynolds  number. )  The  pressure  •p>t_  has  been  obtained 
from  Kopal's  tables.™  The  experimental  data  are  compared  with  Probstein's^ 
analysis  based  on  the  induced  pressure  rise  due  to  boundary-layer  displacement 
for  a  wall  to  stagnation -temperature  ratio  Tw/t0  of  0.  1.  It  iu  noted  that  reason¬ 
able  agreement  between  the  experimental  data  and  Probslein's  analysis  is  obtained, 
although  the  general  trend  appears  to  ii.iicate  a  larger  experimental  pressure  rise. 

The  corresponds g  heat-transfer  data  in  terms  of  the  Stanton  number 
L£m=  f-/ Pc  C^t,nr  ~  Ww)J  is  given  in  Fig.  17  as  a  function  of  the  local  Reynolds 
number.  (The  Stanton  number  is  oased  on  the  local  flow  velocity  Uc  ,  the  local 
density  pc  and  the  difference  between  the  local  adiabatic -wall  enthalpy  and 
the  *■>■•'. alpy  at  the  wall  temperature.)  The  experimental  results  are  compared 
with  Probstein's  analysis™  jn  which  the  effect  of  boundary-layer  displacement  and 
transverse  curvature  arc  included  and  with  the  laminar  boundarv  layer  theory* 
given  by  - 

C*  =  0.332.1  iT  Pr  /feyc 

Probstein  has  shown  theoretically  that  transverse  curvature  may  have  a  significant 
effect  on  the  heat  transfer  whereas  the  boundary-layer  displacement  has  a  muth 
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smaller  effect.  In  the  present  experimental  study  with  a  40*  total  angle  cone  no 
significant  transverse-curvature  effect  is  present.  It  is  seen  that  no  significant 
departure  of  the  heat  transfer  from  laminar-boundary  theory  is  observed  even 
though  the  pressure  data  indicate  a  large  boundary-laye ’•-displacement  effect. 

In  Figs.  16  and  17  separate  symbols  are  used  for  the  experimental  data 
obtained  at  various  shock-tunnel- reservoir  pressures  (f^,)  .  For  the  two  lower 

reservoir  pressures  (  PR  =  500  and  1600  psi)  the  experimental  data  have  been 
corrected  for  nonequilibrium  nozzle  expansion  in  the  manner  described  in  Ref.  17. 

For  an  angle  of  yaw  of  10*,  the  circumferential-pressure  distribution  is  given 
in  Fig.  18  as  the  ratio  of  the  pressure  at  angular  position  jfl  to  the  pressure  at 
the  stagnation  line.  The  theoretical  pressure  distribution  as  given  by  the  lirst  and 
second  order  approximation!,  of  Ref*  24  and  as  given  by  simple  Newtonian  thc.^r", 

(i.  e.  pressure  coefficient  =  2  \cot/oe  ^imQ <^x/6^t/(l80-p^  where 
oc  is  angle  of  attack  0  is  cone  half  angle  and  If  the  circumferential  angle 
f  -  0*  at  the  forward  stagnation  line)  are  compared  with  the  experimental  data. 
The  second  order  approximation  is  almost  identical  to  the  simple  Newtonian  theory. 

It  is  noted  that  the  best  agreement  with  the  experimental  data  is  obtained  with  the 
second  order  relation.  It  should  also  be  noted  that  although  significant  boundary- 
layer-displscement  effects  were  present  in  the  zero  yaw  data  (under  similar  free 
stream  conditions),  the  ratio  of  circumfcr-ntial  to  stagnation-line  pressure  agrees 
reasonably  well  with  a  theory  in  which  no  interaction  between  the  viscid  and  inviscid 
flow  field  is  considered. 


In  Fig.  19  the  ratio  of  the  heat  transfer  .1,  the  angular  position  to  the  heat 
transfer  at  the  stagnation  line  is  compared  -’ith  the  theoretical  predictions.  4 
Since  in  the  experimental  program  the  vahr  of  the  heat  trai.r.fci  a.  the  stagnation 
linn  was  not  measured,  the  measured  values  of  heat  transfer  at  the  angular  position 
f  -  30*  were  extrapolated  to  the  stagnation  line  by  means  of  the  first-order 
relation  and  the  heat  transfer  relationship  based  on  local  similarity 

-  ?•  /  c.  U,  ^  A 

=  -  I,  /. i  . .  \  c  0.332  Is  rr*  i  "m 


/  ct;,  y  _ ; 


[['£-*’  *(■£)] 

is  the  velocity  at  the  outer  edge  of  the  boundary  layer 
is  the  distance  of  the  body  from  the  axis  of  symmetry  (its  v.AmQ) 
is  the  length  of  the  cone 


and  the  subscript  m  refers  to  the  free  stream  conditions.  Using  the  above 
relationship  the  heat-transfer  ratio  reduces  simply  to  the  square  root  of  the  pres¬ 
sure  and  the  external  velocity  ratios.  In  Fig.  19,  the  theoretical  heat-transfer 
has  been  obtained  by  means  of  the  first  and  second  order  approximation  for  the 
inviscid  field.  Also,  the  value  of  heat  transfer  has  been  calculated  using  the  cor- 
r<*ct:on  for  the  external  velocity  field  as  given  in  Ref,  24  due  to  the  presence  of 


a  vortical  layer 

-7T -  =  MX/  Q  —  —  (n  k)  AM  0  tew  B 

u—  *  I 

where  0  is  the  cone  half  angle,  6  =  and 


K  is 
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Since  the  velocity  is  now  independent  of  angular  position,  the  heat-transfer 
ratio  reduces  simply  to  the  square  root  of  the  pressure  ratio.  The  pressure 
ratio  is  unaffected  l>v  the  vortical  layer  to  the  third  order  of  (e  *■  r)  , 

Mm.  ot\ 

F-  Mm,  Q  ) 

Although  the  effect  of  the  vortical  layer  is  to  reduce  the  heat  transfer,  the 
experimental  data  is  still  somewhat  lower  than  that  predicted  theoretically.  This 
discrepancy  has  not  as  yet  been  investigated.  The  experimental  data  at  'f  =  30° 
was  extrapolated  to  the' stagnation  line  by  means  of  the  first  order  approximations 
to  the  inviscid  flow.  If  the  heat-transfer  distribution  predicted  by  the  relation 
incorporating  the  effect  of  the  vortical  layer  is  used  to  extrapolate  the  data  from 
¥  =  30”  to  ‘f  =  O',  the  result  is  to  increase  slightly  the  discrepancy. 

5.  CONCLUDING  REMARKS 

The  research  investigations  conducted  under  Contract  No.  AF  33(6l6)-7812 
in  the  three  year  period  ending  15  December  1963,  have  been  briefly  summarized 
in  this  report.  The  theoretical  studies  have  utilized  a  continuum  flow  model  based 
on  the  thin  shock-layer  concept.  For  the  first  time  a  description  of  the  entire 
hypersonic  flow  field  about  a  bluet  von- slender  body  at  low  Reynolds  numbers  has 
been  obtained  without  the  usual  shock  discontinuity.  A  study  of  the  velocity  slip 
and  temperature  jump  at  the  stagnation  point  of  a  blunt  axisymmetric  body  has 
revealed  that  the  slip  effects  are  relatively  minor  {for  heat  transfer  and  other 
properties  of  the  shock  layer)  compared  to  the  ‘-ansportor  "shock  slip"  effects 
behind  the  shock  wave.  Experimental  measurements  of  heat  transfer  to  blunt 
axisymmetric  bodies  have  been  extended  to  lev-  Reynolds  numbers  under  this 
contract  and  generally  confirm  theoretical  predictions. 

The  thin  shock  layer  concept  was  also  used  to  compute  the  flow  field  about 
yawed  cylinders.  Experimental  measurements  of  heat  transfer  generally  confirm 
the  theoretical  predictions. 

The  inviscid  flow  over  pointed  non-slender  circular  cones  and  other  pointed 
bodies  has  been  analyzed  within  the  framework  of  the  thin  shock-layer  concept. 

Of  particular  importance  is  the  calculation  of  the  effects  of  a  thin  vortical  layer 
(i.e.  a  layer  of  high  vorticity)  at  the  base  of  the  shock  layer.  This  layer  has  been 
shown  to  have  a  negligible  effect  on  free  stream  surface  pressure  but  a  non-ocgligible 
effect  on  the  inviscid  radial  velocity  under  certain  flow  conditions.  Experimental 
data  on  the  circumferential  heat  transit’ :  and  pressure  about  a  nonslender  cone  hove 
been  obtained  at  hypersonic  speeds  and  high  Refolds  numbers  and  compared  with 
simple  Newtonian  theory  and  Cheng's  theoretical  predictions.  In  general,  the  agree¬ 
ment  is  reasonable. 
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figure  I  RAREFIED  GAS-FLOW  REGIMES  OF  A  HIGHLY  COOLED  BLUNT  BODY  At 
HYPERSONIC  SPEED  (BOUNDARIES  RASED  ON  DATA  OF  PROBSTEIN) 
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Figure  6  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  AX I  SYMMETRIC  STAfNATI ON-POINT 
HEAT  TRANSFER  AT  LOW  REYNOLDS  NUMBERS 


,U,e  7  STAGNATION-POINT  HEAT-TRANSFER  MEASUREMENTS 

ON  SPHERICAL  BODIES  WITH  THEORIES 


Figure  9 


STAGNATION  STREAMLINE  HEAT-TRANSFER  AND  SKIN-FRICTION 
CHARACTERISTICS  OF  A  SWEPT  LEADING  EDGE  AT  VARIOUS 
OEOREES  OF  SWEEP  Ar!i>  GAS  RAREFACTION 
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Figure  10  RATE  OF  INCREASE  OF  THE  CHORDWISE  SURFACE  STRESS  AT 
THE  LEADING  EDGE  AT  VARIOUS  DEGREES  OF  SWEEP  AND 
GAS  RAREFACTION 
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gure  II  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  STAGNATION  LIRE  HEAT 
TRANSFER  TO  TRANSVERSE  CYLINDERS  AT  ZERO  YAV.’ 


RCUMFERENTI Al  HEAT  TRANSFER  ON  CYLiHDER  AT  .-.ERO  i AW 


gure  13  COMPARISON  OP  THEORY  AND  EXPERIMENT  FOR  STAGNATION  LINF  HEAT 
TRANSFER  TC  YAKED  CYLINDERS  AT  LOW  REYNOLDS  NUM6ER 


■  HEAT  TRANSFER  SAUGES  AND  PRESSURE 
CONE  MODEL 


Figure  16  COMPARISON  OF  PRESSURE  RISE  ON  A  20*  HALF  ANGLE  CONE  AT  ZERO  YAW 
WITi:  A  BOUNDARY  LAYER  DISPLACEMENT  THEORY 
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Figure  17  COMPARISON  OF  HEAT  TRANSFER  (Cu)  WITH  LOCAL  REYNOLDS  NUM5ER  FOR  A 
20°  HALF  ANGLE  CONE  AT  ZERO  YAW  WITH  THEORY 
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19  COMPARISON  OF  CIRCUMFERENTIAL  HEAT  TRANSFER  DISTRIBUTION 
(RELATIVE  TO  STAGNATION  LINE)  (£/ %)  FOR  A  20’  HALF  ANGLE 
CONE  AT  10*  YAW  WITH  THEORETICAL  PREDICTIONS 
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